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Abstract 
This paper is aimed at studying the influence of high temperature annealing on the films of silicon oxynitride, obtained by 
reactive magnetron sputtering of silicon in the environment of argon, nitrogen and oxygen. Annealing of the films was performed 
in nitrogen atmosphere within temperature range of 800 – 1200°C. The chemical composition of obtained films and their 
properties were studied and their dependence on annealing temperature was shown. The recommendations on application of high 
temperature annealing in formation process of dielectric membrane structures for sensitive elements of semiconductor gas 
sensors were developed. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the National Research Nuclear University MEPhI (Moscow Engineering 
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1. Introduction 
Recently semiconductor gas sensors have become widely used for analysis of gaseous environments. For such 
sensors the measurement of gas concentration is accompanied by pre-heating of sensitive layer. It selectively 
accelerates the processes occurring on the surface and in the volume of sensitive layer. Heat exchange with 
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environment through the structure of sensitive element has decisive influence on the possibility of achieving 
required temperature of sensitive layer. Distinctive feature of sensitive elements for such gas sensors is the presence 
of heat insulating construction [Sakai et al. (2001), Heule and Gauckler (2003)]. Dielectric membrane structures 
possess the largest perspective for being used as heat insulating constructions for sensitive elements of 
semiconductor gas sensors. It can be explained by the fact that the membranes have the lowest coefficient of thermal 
conductivity of dielectric films from all known materials used. 
Authors of the paper have developed a new fabrication method of sensitive elements based on dielectric 
membrane structures obtained by two-stage unilateral anisotropic etching of silicon substrate [Veselov et al. (2010), 
Veselov et al. (2011), Veselov et al. (2013), Veselov et al. (2015)]. The structure of the sensitive element is 
presented in Fig. 1. The membrane film is formed by reactive magnetron sputtering of silicon in the environment of 
argon, nitrogen and oxygen. Authors experimentally found optimal element composition of membrane film for 
dielectric membrane structures and developed modes of its formation. It was revealed that mechanically relaxed 
membrane on silicon substrate is a silicon oxynitride membrane with elemental ratio of Si:O:N = 2:1:1. Formation 
of the membrane film in the method is carried out in the mode of gas flow into the reaction chamber: Q(Ar) = 1.2 
l/h, Q(O2) = 0.6 l/h, Q(N2) = 2.8 l/h. Such sensitive element is suitable for using in semiconductor gas sensors.  
 
 
Fig. 1. Sensitive element on dielectric membrane structure: 1 – thermal silicon oxide layer; 2 – silicon substrate; 3 – masking dielectric layer; 4 – 
contact to sensitive layer; 5 – resistive heater; 6 – sensitive layer; 7 – resistive temperature sensor; 8 – dielectric membrane film; 9 – cavity under the 
membrane. 
However, the suitability of the film for using as a membrane is significantly affected by its purity, uniformity of 
thickness, presence of the breakdowns in the film, etc. To improve the structural characteristics of the dielectric 
film, along with optimizing of the modes of its formation, high temperature annealing is also applied. The paper 
presents the experimental results of influence of high temperature annealing on the structural characteristics of 
silicon oxynitride films, obtained by reactive magnetron sputtering of silicon in the environment of argon, nitrogen 
and oxygen. 
2. Formation and annealing of dielectric films 
For formation of membrane films silicon substrates of type (n-n+) with the diameter of 76 mm, with the thickness 
of (380±20) μm and crystallographic orientation of (100) were selected as substrates. Substrates acted as the basis of 
MOS-structure to measure the electrical characteristics of the films and their changes under the influence of 
annealing. For this, on one side of the substrate on the studied film the contact pads from aluminium were formed 
and the other side of the substrate was covered by a layer of aluminium. It was done by means of lift-off 
photolithography and magnetron sputtering of aluminium.   
Formation of dielectric membrane films was carried out in the unit UVN-71P3 modified for reactive magnetron 
sputtering and equipped with the three-channel gas injection system into the chamber. To remove contaminants from 
substrates surface before sputtering the ion cleaning in the environment of argon was carried out. The surface of 
silicon target was cleaned from contaminants similarly. Then, within four hours the sputtering of dielectric film in 
the mode of gas flow into chamber: Q(Ar) = 1.2 l/h, Q(O2) = 0.6 l/h, Q(N2) = 2.8 l/h was carried out. In order to 
avoid erroneous results two series of sputtering in the same mode of gas flow were carried out. 
The thickness of obtained films was measured in two ways: by micro-interference microscope MII-4 and by 
obtaining the surface profile of samples on the profilometer VEECO Dektak 150. The measurement of films 
thickness was performed by the satellite of thickness, on which the photolithographic pattern in the form of parallel 
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lines was prepared before sputtering. After sputtering, using lift-off photolithography the strips of the film material 
were obtained. The thickness of the strips corresponds to the thickness of sputtered films. In the first case, for the 
measurement, these strips were covered with a thin layer of aluminum. In the second case, for the measurement, 
surfaces profiles of the samples with these strips were obtained. The thickness of obtained films amounted to 
(1.35±0. 15) μm. 
The element composition study of obtained films was carried out by XPS (X-ray photoelectron spectroscopy by 
the electron spectrometer XSAM-800, the company Kratos). The element composition was studied on the surface 
and in the volume of the films. For layer-by-layer film analysis the ion etching in the environment of argon was 
carried out for 5 – 10 minutes. The results of the study are shown in table 1. 
Table 1. Results of the element composition study of obtained dielectric films. 
 Object of study Silicon, (%) Oxygen, (%) Nitrogen, (%) Other components, (%) 
(1) Surface 35 28 22 15
Volume 39 23 24 14 
(2) Surface 33 30 20 17
Volume 37 25 23 15 
 
Some differences in element compositions of the film on its surface and in its volume are caused by natural 
oxidation of the film surface on the air and by possible contaminants of the film surface. In further, for researching 
of the annealing effect on films properties only volume compositions of the films will be studied and presented. 
The annealing of obtained dielectric films was carried out in diffusion unit SDOM3/100 in the nitrogen 
environment with the mode of flow into chamber: Q(N2) = 360 l/h. The flow of nitrogen is required to create an inert 
atmosphere in the annealing process. Otherwise, in an environment of air at high temperature annealing there is a 
significant oxidation of the dielectric film. The series of annealing experiments, lasting for half an hour each, were 
carried out at the temperature of from 800°C to 1200°C with the step of 100°C. Before and after the annealing 
process the gradual heating and cooling of samples in the diffusion unit were carried out to avoid the occurrence of 
mechanical stresses on the interface film – substrate and deformations of samples. Herewith, the flow of nitrogen 
was kept constant from the heating temperature 300°C and up to the same temperature of cooling. After the 
annealing the element composition of the films was studied and its dependence on the annealing temperature was 
revealed. Results are shown in table 2. 
Table 2. Results of the volume element composition study of the films after annealing. 
 Annealing temperature, oC Silicon, (%) Oxygen, (%) Nitrogen, (%) Other components, (%) 
(1) 
800 43 39 13 5
900 45 46 7 4
1000 46 51 1 3 
1100 45 53 0 2
1200 43 55 0 2 
(2) 
800 40 42 11 7
900 43 47 5 5 
1000 43 52 1 4
1100 43 54 0 3 
1200 42 55 0 3
 
The results show that high temperature annealing reduces the amount of nitrogen in the film. Even at 800°C the 
nitrogen content in the film reduces by half, annealing at 1000°C and higher temperatures completely removes 
nitrogen from the film. Also the results demonstrate that the application of high temperature annealing significantly 
reduces the degree of contamination of the films. After annealing at temperatures of 900-1000°C smoothing of 
unevenness of the films thickness could be observed with the naked eye. For example, see Fig. 2, 3. Unevenness of 
obtained films thickness on whole substrate surface is caused by specifics of magnetron sputtering and design 
features of the unit. Local thickness unevenness is caused by breakdown of the films, substrates defects and 
contaminants.  
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and ensures rapid uniform heating of substrates to 1000°C and rapid uniform cooling in the gas flow. The flow of 
nitrogen was supported within all process from room temperature at heating and up to room temperature at cooling. 
Annealing of the films was carried out in two ways: annealing during 5 minutes; three successive processes of 
annealing with duration of 5 minutes each. The annealing temperature in both cases is 900°C. Results are shown in 
table 3. 
Table 3. Results of the volume element composition study of the films after annealing. 
 Time of annealing, min Silicon, (%) Oxygen, (%) Nitrogen, (%) Other components, (%) 
(1) 5 41 29 19 11
three times for 5  44 38 11 7 
(2) 5 39 31 18 12
three times for 5  42 40 10 8 
 
It was revealed that by means of the three short-term successive processes of annealing at 900°C in the unit 
Modular RTP-600S analogical improvements of the films properties as at long-term annealing in the diffusion unit 
SDOM3/100 may be observed. However, this mode of annealing contributes to conservation of the most amount of 
nitrogen in the films, therefore it looks preferable. 
3. Conclusions 
 As a result of the studies, it was found that the annealing of the silicon oxynitride films improves their purity, 
uniformity and reduces the number of pores. However, high temperature annealing of dielectric films significantly 
reduces the amount of nitrogen in the films. So the annealing at temperatures of 1000°C and higher within half an 
hour completely removes nitrogen from the films. Significant reduce in the concentration of nitrogen in the 
membrane films is unacceptable in the manufacture technology of sensitive elements for semiconductor gas sensors. 
In order to avoid significant reduction of nitrogen content in the films, the annealing should be carried out in the 
nitrogen flow. Moreover, the flow of nitrogen into the reaction chamber of unit SDOM3/100 of 360 l/h and of unit 
Modular RTP-600S of 60 l/h is sufficient. Further increase of nitrogen flow does not increase nitrogen concentration 
in the films because of its low chemical activity in comparison with oxygen. Furthermore, the annealing at 
temperatures of 1000°C and higher caused cracking and partial exfoliation of the films. Therefore, the annealing of 
dielectric membrane films of silicon oxynitride at temperatures 1000°C and higher is unacceptable. Thus, the 
optimal annealing temperature of membrane films is 900°C. At the same time, to reduce the mechanical stresses at 
the interface of film - substrate, it is necessary to carry out the gradual heating and cooling of substrates in the 
annealing process. The experimental results show that by means of high temperature annealing of the silicon 
oxynitride films it is possible to reduce the pore size in the films by 30-35%, the amount of contaminants in the 
films by several times, the local unevenness of the films thickness by 15-20%. Herewith, by means of the three 
short-term successive processes of annealing at 900°C looks preferable in comparison with long-term annealing 
because this mode contributes to conservation of the most amount of nitrogen in the films.  
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